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 Applications: it
— Quantum computer qubit readout
— Local surface characterization
— Spintronics
— Study of Kondo physics FIG. 5. The left transistor gate is biased 1'>0, producing single-

qubit unitary transformations in the left SRT. The right gate is
unbiased: F'=10. The n-Sig4Gegs ground plane is counterelectrode

[

— Si substrate

to the gate, and it also acts as FET channel for sensing the spin.

Vrijen et al, Phys. Rev. A, 2000
e Challenge

— Signals produced by a single spin are extremely weak

Solution: Convert single spin into single charge signal
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> Los Alamos Traps and random
telegraph signal (RTS)

Field Effect Transistor , empty trap (positive)
higher resistance

1> 0

or

filled trap (neutral)
lower resistance

RTS —random switching

metal Si’O2 pSi |




> Los Alamos Random Telegraph Signal
(RTS) - experiment

Full Time Scale: 40 msec
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ESR-RTS setup

At T =0, B, =0:
trap is filled if e,<m
trap is empty if e, >Mm
NO RTS!

At T = 0 and resonant B,(t):

trap can be filled if e,,<m
e is promoted e, > €4
e can escape if e, >Mm

ESR-induced RTS!

trap

B, cos(wt)

] | B

—_— __”,3_

(a) (b) {0

conducting channel

At finite temperature RTS is modified by resonant B,(t)
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> Los Alamos Quantum rate equations for
ESR-RTS

H = Z (t Mg —n M ) +Ztgﬁc;} (e

q.5

+ Z 1, ((‘f;;_ﬁ.c‘fs + (L Cqs) + Hit(t).
q.5

Hy(t) = W)R (('1 C_1/2€ et 4, C) — rotating wave approx
(i"{] :—f|a{,+f|a|| N\
U||—T|U{}+f(wﬁf;’)( “'lth'H—t e O'||) . .
61, = —T 0| — i{wr/2) (€t — e ™ ig ;) > €Quations of motion
. /o for trap density matrix
O'-|-_|_ = —'I-(Eff ﬁ-)(T-|-| — F| / O'| | SO ts F—
+i(wr/2)e — et (O'-|—-|— —0oyy) . J —

Average FET channel resistivity: | # = P00 + pr(1 —00)




A5

> Los Alamos Resonance in average
resistance

(Pe — Pr) Wi

" B) = pr + : : :
P(B) = py dgupBo/h —we)? + 12 + 30.3%

Application of resonant rf B,(t)
modifies the average channel
resistivity by changing the RTS
statistics G« B

In presence of dephasing

UT,) >>G
peak width:
(1/T5)\/1 + 3w%T5/(2T) r,
peak height: S I IS AN IS
1/[3 + 2T/ (w}RT3)] 4

Phys. Rev. Lett. 90, 018301 (2003) L




A

. LosAIamos ESR-RTS EXperiment -
average current (HWJ)

Measure average current: reflects the statistical occupation
change:
1 vr :Ih*ph_i_ll*pl

[
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Only observed in the RTS region.
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.;.LosAIamos ESR-RTS Experiment - trap
occupancy (HWJ)
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histogram of the raw data obtained after the time-domain analysis



Change in 1e” state Occupancy (%)

surprise |: Signal changes sign for
larger microwave power!
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« Signal changes sign when G~ wg,,.
» Improved signal-to-noise
» Tunneling rate is reduced on the resonance



» The g-factor value rules out channel electrons.

* ESR signature in average current 1s only been observed
in RTS cross-over region.

* Change 1n single trap occupation probability has been
confirmed.
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> Los Alamos Shallow Traps for Quantum
Computing
7 —
) — =
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1. reset and initialization to |0)
(N—= % \RTS
) = y 5
Ny el L
‘ > i ‘> — or ‘a‘z
rf pulse \ D_
2. state manipulation 3. readout -)—é— _
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Tunneling “detalls”



A5

> Los Alamos Surprise Il: Expected and
measured tunneling times

Experimentalists can measure the location of the trap (x)
with respect to the conduction channel.

Defect position determination: Metal
d Ins.

X (o}

tin _ eXPI(Eq- M/T] _ /- Vg x0 —

L d1 = epE= T g dy Vs ™ 2DEG i

: |Vsd

One finds x~1-3 A. LY )

I\

Estimate for tunneling time yields at most t ;1 ~10° s

Observed ty s are in 103s — 1s range P77
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SO, isapolar crystal P strong coupling to optical phonons
Empty Trap Trap with an extra electron

. + e .
SO,  2DEG S0,  2DEG




sLosAlamos Tunnel rate in the presence of
lattice deformations

H=Y" Eicler+ Eod'd+ didg(a’ + a) + woaTa +AY (cld + diey) + Vdld ) cfew

I T T R B

conduction defect  electron-phonon  optical  tunneling ( H;) Coulomb
electrons level Interaction phonon interaction

Calculation of Tunnel Rate for V = 0 (Golden Rule)
y“F=2r Y |(initial|Hp|final)|* 6(Einitial — Einal)

final states

. . . EO L
‘l]flltl&l) = ‘0>electrons 3¢ ‘0>phonon

\fmal) — ‘1k>electrons 0 ‘n>shifted phonon

cond-mat/0312503



A5

o LosAIamOS Phonon renormalization
results

CR =2m Z ‘ O‘R %Tigﬁlec?nb‘z O‘HT‘llb)electronb‘ 6[0 (E[] - Ek + nwgy — E )]

Ey—-E,—nwo>0
e 7S S (VT -

mn

Renormalized level position E.= Ej-E

Small Bias |Egl<w, Large Bias E.> E
R 0 R p

E, u ) u ,
— W N = ,
g=2pnD’e ™ E y = 27V A

Suppression of tunneling No suppression of tunneling
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Small bias Any bias + Coulomb

v = 2rvA? exp (—E,/wo)

Assuming Fréhlich electron-phonon coupling

tunnel rate

E, = 5¢?/(16a4) (e} —eg!)

For SiO, e, =4,e, =2,a,~1 A /

2> E,»1eV ;
renormalized e bias

For bulk optical phonons in SiO.: Fermi-edge _

2 bulk 5, 60 MeV singularity polaronic

fo »bUME suppression

?=10"3 exp(-17) st~ 1033 st REF: cond-mat/0312503

Qualitative agreement with observed rates !

For comparison, in GaAs E =4 meV => no tunneling slowdown
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Surprise Ill: Magnetic field

dependence

|11} ? é 2,4+ U

\i

FIG. 4 (color online). The energy diagram of the single trap
and FET channel bath. The electron levels for the trap and the

FET channel are indicated.

t

Yhign _ty _expl- (B +E,/2- m/T]+exp[- (& +E, /2- m)/T]

t

low

t, exp[- (2E; +U - 2m)/T]
=2exp[(E; +U - m)/T]cosh(E, / 2T)

Phys. Rev. Lett. 91, 078301 (2003)

0_3_' 42K

.
o

FIG. 5 (color online). The characteristic energy shift,
KT In(Thign/ Tiow)» 1s plotted against the magnetic field at three
temperatures. Continuous solid lines represent the theoretical
curves, deduced from Eq. (2), and the experimental data are
indicated by the symbols.

No agreement between model and experiment at low T!  Kondo?
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Si0, Si Si0,  Si
E,+U ____ E,+U
E +U-E, E;tU-E, a e

2DEG

EO_._

Real charge hopping
—> Polaron suppression

2DEG

EO_._

Fast (t ~ 1/U) virtual hopping
- Kondo, J = DY/U
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Model and calculation

Anderson Hamiltonian (- Kondo) (a) , e
charge frll_.l'_t_:'?IIIﬂnh .--'*~ b
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E . .A(C’;l‘r ado + dcl,.(_’k 0) 5 to optical phonons shifts the bare position of the level.

cond-mat/0403491
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e Single electron spin resonance in FET
— DC measurement of the resonance
— AC signatures in the current noise
— Applications to quantum computing: pulses, etc.
— Experimental results on average current and statistics

e Detailed models of tunneling

— Interaction effects
— Polaron slowdown, predictions

« RTS(B)
— Experiment
— Explanation: Kondo effect?



